The timing of cytoplasmic fragmentation in relation to the cell cycle was studied in mature oocytes and early cleavage stages using mouse oocytes and embryos as experimental models. The central approach was to remove the nuclear apparatus, in whole or in part, from non-activated and activated oocytes and early embryos, and follow their response during subsequent culture in vitro. Oocytes arrested in metaphase of the second meiotic division did not fragment following complete removal of the meiotic apparatus, provided they were not subsequently activated. Exposure of spindle-chromosome-complex-depleted oocytes to activation conditions immediately after enucleation led to fragmentation, although not until control embryos entered first mitosis. Delaying activation until 24 h post-enucleation led to earlier fragmentation. Enucleation of normally fertilized or artificially activated oocytes after emission of the second polar body also led to fragmentation coinciding with the first mitosis in nucleated control embryos. However, if artificially activated oocytes were prevented from completing second meiosis, by exposure to cytochalasin, and then enucleated, this universal wave of fragmentation was preceded in some cytoplasts by limited fragmentation after just a few hours in culture, and coinciding with completion of meiosis II in nucleated oocytes. Fragmentation also occurred in the second mitotic cell cycle, but it was limited to blastomeres of fertilized oocytes that were enucleated in late interphase. These results indicate that fragmentation in oocytes and early embryos, though seemingly uncoordinated, is a precisely timed event that occurs only in mitotically active cells, during the cytokinetic phase of the cell cycle, in lieu of normal cytokinesis, and in response to altered cytoskeletal organization.
Introduction
Both in vitro and in vivo, cleavage stage embryos of practically all mammalian species examined so far have been found often to comprise not only nucleated cells, but also non-nucleated cells, or 'fragments', of varying size and number (Edwards et al., 1970; Killeen and Moore, 1971; Enders et al., 1982; Buster et al., 1985) . The fragments do not contribute directly to the development of the embryo proper, and therefore the most obvious and immediate result of fragmentation is that the embryo has a smaller than normal cytoplasmic volume and is deprived of any endogenous resources contained in the fragments. This in itself could reduce the developmental potential of the embryo to a point of non-viability, though fragmented embryos generally have a lower viability than can be attributed to the loss of cytoplasm alone.
In human embryos, extensive cytoplasmic fragmentation is almost always accompanied by other cytoplasmic and nuclear anomalies, for instance, blastomere multinucleation and chromosomal mosaicism (Pellestor et al., 1994; Kligman et al., 1996; Laverge et al., 1997; Marquez et al., 2000) . Collectively, these abnormalities can explain the abnormal pre-and post-implantation development often seen in fragmented embryos (Jackson et al., 1998; Alikani et al., 1999 Alikani et al., , 2000 Hardy et al., 2003; Racowsky et al., 2003; Van Royen et al., 2003) , though it is important to keep in mind that such embryos are not necessarily non-viable, and that even if non-viable, they may still contain viable cells (Alikani and Willadsen, 2002) .
It is as yet unclear what causes fragmentation, and what mechanisms are involved. In the mouse, following super-ovulation, fragmentation of unfertilized mature oocytes has been viewed as a manifestation of apoptosis, or programmed cell death (Takase et al., 1995; Morita and Tilly, 1999; Perez et al., 1999; Gordo et al., 2002) , and it has been suggested that its occurrence in cleaved embryos is under the control of more than one genetic locus and affected by both parental genotypes (Hawes et al., 2001) . Waksmundzka et al. (1984) , Ciemerych (1995) , and Ciemerych et al. (1998) noted cortical deformations in anucleate halves of bisected (or enucleated) activated mouse oocytes. They pointed out that this 'autonomous cortical activity' preceded entry of the nucleated cells into first mitosis but did not identify its cause. Fragmentation of activated oocytes with absent or damaged DNA led Liu et al. (2002) to conclude that this phenomenon represented apoptosis and resulted from activation of a unique checkpoint at first mitosis.
In fertilized human oocytes and cleavage stage embryos, cytoplasmic fragmentation is considered by some the final manifestation of a degenerative process, whether apoptotic (Jurisicova et al., 1996 (Jurisicova et al., , 1998 (Jurisicova et al., , 2003 Levy et al., 1998; Yang et al., 1998) or triggered otherwise (Van Blerkom et al., 2001) . It is unclear, however, how fragmentation as a consequence of cell death could lead to, e.g. the wide range of morphologies and developmental potentials (indeed, viability) seen in fragmented human embryos (Warner et al., 1998; Antczak and Van Blerkom, 1999; Alikani et al., 1999) .
While it is probable that cytoplasmic fragmentation in mammalian oocytes and embryos has a number of different primary causes, the phenomenon itself, its occurrence and dynamics deserve to be studied in more detail.
In the context of in vitro fertilization in humans and animals, and nuclear transplantation in animals, fragmentation seems to take place mainly during the first one or two-cell cycles. Major fragments have not been widely observed to occur in freshly ovulated or freshly matured unfertilized oocytes or in 1-cell embryos prior to the first mitotic division. Indeed, it is doubtful whether fragmentation occurs at all in non-activated mature oocytes.
Fragmentation is reminiscent of cell division, at least in the sense that one original cell is partitioned. Normal cell division involves radical reorganization of the cytoskeleton, particularly in the microtubules and their relationship with the cortical microfilaments. It is reasonable to expect, as suggested by early experiments in the sea urchin (described by Rappaport, 1996) , that somewhat similar reorganizations are required for fragmentation to take place. This in turn raises the question whether fragmentation takes place at any time during the cell cycle or is restricted to certain phases. The present experiments were undertaken to find an answer to this question, but also, and more importantly, to uncover the causes and nature of the phenomenon and, eventually, explain its association with other abnormalities.
Drawing on experience gained in nuclear transplantation, enucleation was chosen as a way of making experimental oocytes and blastomeres 'fragmentation prone'. The nuclear apparatus was removed from oocytes and embryos during different phases of the meiotic or mitotic cell cycle, and the response of the cells to these manipulations was followed under different culture conditions by light microscopy. The mouse was chosen as the experimental species because, in the mouse, the timing of the second meiotic division and cleavage is well defined and relatively easy to control. Also, in the mouse, the nuclear structures relevant to the particular experimental approach chosen are relatively easy to see in fresh specimens. Laser scanning confocal microscopy was employed to visualize nuclear DNA and the occurrence and distribution of microtubules. In the course of the experiments, cytochalasin B, a destabilizer of microfilaments, and/or colcemid, a microtubule depolymerizer, were used to (1) minimize damage during cell manipulations, and (2) establish culture conditions that temporarily prevented cytokinesis and/or mitosis (e.g. Smith and McLaren, 1977; Surani et al., 1980; Schatten et al., 1985) .
Materials and methods

Oocyte and embryo collection and culture
Eight-to twelve-week-old F1 (C57BL/6 £ BALB/c) female mice were given an intraperitoneal injection of 10 IU of pregnant mare's serum gonadotrophin (PMSG; Sigma-Aldrich Inc., Saint Louis, MO, USA), followed 48 -49 h later by 10 IU HCG (Sigma-Aldrich Inc., Saint Louis, MO, USA) to induce ovulation. Over the course of past several years, we have found that this dosage assures proper response in the animals in our particular colony without any apparent effect on normal fertilization or development.
Ovulated oocytes were collected at 18 h after HCG injection in all experiments but experiment I.1 (parts a and b). In that experiment, the oocytes were collected at 16 h post-HCG to minimize the risk of spontaneous activation (Xu et al., 1997; Abbott et al., 1998) . To isolate the oocytes, the ampullae of the oviducts were dissected in modified CZB (MCZB, Chatot et al., 1989) , supplemented with 0.1% hyaluronidase and 3% bovine serum albumin (BSA). Zygotes were recovered 20 h after HCG injection, also by dissection of the ampullae. All oocytes and zygotes were cultured in drops of KSOM (Specialty Media, Phillipsburg, NJ, USA) under mineral oil (GenX International, Guilford, CT, USA), at 378C in 5% CO 2 in air and 95% humidity.
Ethanol activation of mature oocytes
Within 30 min of collection (or enucleation), oocytes to be activated were exposed to 7% ethanol in phosphate-buffered saline (PBS) for 4.5 min (Kaufman, 1982) , washed thoroughly in MCZB, and placed in culture. When intact oocytes were ethanol-treated, only activated oocytes showing one polar body and one emerging female pronucleus within 5 h (generally above 85% of those treated) were selected for the experiments. Activation of enucleated oocytes, on the other hand, could not be immediately confirmed.
In certain experiments, CCB (10 mg/ml) was included in the culture medium to prevent cytokinesis. In certain other experiments, colcemid (0.02 mg/ml) was included in the culture medium to prevent progression of mitosis beyond metaphase. In these two sets of experiments, experimental material was cultured for 5-24 h, depending on the experiment, in medium containing either CCB or colcemid.
Micromanipulation
To minimize damage during micromanipulation, oocytes and embryos were incubated at 378C in 10 mg/ml CCB in MCZB with 3% BSA for 20 min before the start of procedures. Micromanipulation was performed in the same medium. To keep the position of the meiotic spindle well defined, CCB was not used during manipulations in experiment I. Following completion of micromanipulation, the oocytes and embryos were washed through 5-7 drops of culture medium, placed in culture for 10 min and then moved again to a fresh medium drop for further culture.
Micromanipulations and examination of live specimens were carried out using differential interference contrast (DIC) microscopy. An Olympus IX70 inverted microscope (Olympus America, Melville, New York, USA), equipped with Hoffman Modulation Optics (Narishige, Tokyo, Japan) and hydraulic miromanipulators (Narishige, Tokyo, Japan) was used. Microtools were manufactured in-house. For enucleation, a pipette with an inner diameter of 25 -30 mm was used. The edges of the pipette tip were rounded with the heated filament of a microforge (model MF-9; Narishige, Tokyo, Japan). When required, the zona pellucida was opened either by laser (Fertilase, ZMS, Vero Beach, FL, USA) or by mechanical dissection using a microneedle (methods summarized by Levron et al., 1995) . Zona pellucida dissection needles were closed at the tip and were prepared by pulling pre-pulled pipettes on the microforge.
Ten to twenty oocytes or embryos were manipulated at a time and micromanipulation procedures took less than an hour to complete. Enucleations were timed to coincide with different phases of the cell cycle, hence varied in different experiments, as detailed below (for a review of cell cycle timing in the mouse, see Hogan et al., 1994) . To slow down heat loss and minimize the risk of microtubule depolymerization while oocytes and embryos were out of the incubator, micromanipulations and examinations were carried out on a heated microscope stage, set to 378C (Thermo Plate, Tokai Hit, Shizuoka-ken, Japan); the work surface of the laminar flow hood used for general handling of oocytes and embryos was also set to 378C.
Enucleation experiments
A schematic outline of the study (experiments I -V) is shown in Figure 1 .
I. Non-activated metaphase II oocytes
The purpose of these experiments (and those under II) was to examine the relationship between fragmentation, metaphase II (MII) arrest and activation. The meiotic spindle-chromosome-complex was removed from these oocytes within 60 min of collection.
I.1a Removal of the spindle-chromosome-complex and culture of cytoplasts. These oocytes (n ¼ 82) were collected at 16 h post-HCG, manipulated to remove the spindle-chromosome-complex, placed in culture and checked every few hours for up to 30 h in culture. Intact MII oocytes (n ¼ 74) collected at the same time and cultured in KSOM served as control in this experiment.
I.1b Delayed activation of cytoplasts from I.1a. A proportion of the oocytes from I.1a (n ¼ 69) were exposed to activation conditions (7% ethanol for 4.5 min) after 24 -30 h in culture. They were then washed, placed in culture, and observed every 1-3 h for 6 h and thereupon less frequently, up to 24 h post-activation (PA). A proportion of the intact control oocytes (n ¼ 57) were also activated at the same time.
I.2. Immediate activation of spindle-chromosome complexdepleted oocytes. These oocytes (n ¼ 14) were collected at 18 h post-HCG and were exposed to activation conditions immediately after removal of the spindle-chromosome-complex. They were then washed, placed in culture, and observed every 1 -3 h for 24 h and thereupon less frequently for up to 48 h PA.
II. Enucleation of normally fertilized pronuclear eggs
Thirty-one zygotes were enucleated 20-22 h post-HCG (an estimated 7-9 h after fertilization), when both pronuclei could be clearly seen. Intact zygotes cultured in KSOM (n ¼ 25) served as control. 
III. Enucleation of ethanol-activated oocytes
The purpose of these experiments was to pinpoint the exact timing of fragmentation in relation to oocyte activation and to investigate both the reversibility and preventability of this process.
Enucleation was carried out 5 h PA, when the second polar body and the female pronucleus could be clearly observed. The enucleated oocytes were cultured under the following conditions and checked every 1-3 h for 24 h and, thereupon less frequently, up to 48 h: (III.1) culture in KSOM for the duration of the experiment (n ¼ 73), (III.2) culture in KSOM containing: (a) colcemid (n ¼ 72) or (b) CCB (n ¼ 30) for the duration of the experiment, (III.3) Culture in (a) KSOM-colcemid (n ¼ 42) or (b) KSOM-CCB (n ¼ 30) for 14 -22 h, then transfer to KSOM.
Intact activated oocytes cultured under the same conditions as above served as controls; respectively, these were nucleated oocytes cultured in KSOM (n ¼ 55), KSOM-colcemid (n ¼ 24) or KSOM-CCB (n ¼ 25) for the duration of the experiment, and nucleated oocytes cultured in KSOMcolcemid (n ¼ 15) or KSOM-CCB (n ¼ 15) and transferred to KSOM at 14 -22 h PA.
IV. Enucleation of ethanol-activated oocytes exposed to CCB to prevent emission of the second polar body
The purpose of these experiments was to investigate the possibility of fragmentation during cytokinesis of meiosis II. Ethanol-activated oocytes (n ¼ 51) were cultured in KSOM-CCB for 4-5 h until two emerging pronuclei were observed. They were then subjected to enucleation and afterwards, washed, transferred to and cultured in KSOM.
Nucleated oocytes (n ¼ 15), exposed to CCB for 4-5 h, washed, transferred to, and cultured in KSOM served as control.
V. Enucleation of fertilized 2-cell embryos in interphase
The purpose of these experiments was to investigate the possibility of fragmentation during cytokinesis of the second mitotic cycle. Enucleation in these experiments was done either (1) as early as 38 h and up to 45 h post-HCG ('early-mid interphase' of the second cell cycle), or (2) from 46 to 50 h post-HCG ('late interphase' of the second cell cycle), while interphase nuclei were still visible. Under each condition, either (a) one or (b) both blastomeres were enucleated. For early-mid interphase enucleations, the experiments included 28 embryos in which one blastomere was enucleated and 83 embryos in which both blastomeres were enucleated. During late interphase enucleations, 25 embryos had one blastomere enucleated and 75 embryos had both blastomeres enucleated.
Fixation, immunostaining, and laser scanning confocal microscopy (LSM) For LSM, oocytes and embryos were fixed and extracted for 30 -45 min at 378C in 2% formaldehyde and 0.5% Triton X-100 in PIPES buffer (modified from Allworth and Albertini, 1993) . Following fixation and extraction, they were washed and stored (at 48C) in PBS supplemented with 3% BSA and 0.2% azide (PBS/BSA/azide).
For indirect immunofluorescence labelling, monoclonal anti-acetylatedtubulin (de Pennart et al., 1988 ) (T6793, Sigma-Aldrich, Inc., Saint Louis, MO, USA), diluted 1:1200 and monoclonal anti-beta-tubulin (T4026, SigmaAldrich, Inc., Saint Louis, MO, USA) diluted 1:400, alone or in combination were used as primary antibodies. Oocytes and embryos were incubated with primary antibodies for 60 min at 378C; this was followed by two 15-min washes in 0.2% Tween 20 (Sigma-Aldrich Inc., Saint Louis, MO, USA) and a minimum of seven washes in PBS/BSA/azide to remove the Tween. The secondary antibody was an FITC-conjugated goat anti-mouse IgG, whole molecule (F2012, Sigma-Aldrich Inc., Saint Louis, MO, USA). Following 60 min incubation at 378C with secondary antibody, the material was washed through a minimum of seven drops of PBS/BSA/azide. To counter-stain the nuclei/DNA, oocytes/embryos were incubated for 20 min in 0.06 mg/ml propidium iodide after which they were briefly washed. For examination, oocytes and embryos were placed in 2 ml drops of PBS/BSA/azide covered with mineral oil on a glass cover-slip set in a steel chamber (Attofluor cell chamber, Molecular Probes, Eugene, Oregon, USA).
Laser scanning confocal microscopy was carried out with a Zeiss LSM 510 laser scanning confocal microscope (Carl Zeiss Inc., Thornwood, NY, USA) equipped with version 3.2 of the LSM software, an argon laser (emitting at wavelength 488 nm) and an He:Ne laser (emitting at wavelength 543 nm).
Results
The results are summarized in Table I .
(I) Non-activated MII oocytes
I.1a
Of the 82 oocytes that were placed in culture following the removal of the spindle-chromosome-complex, none (0/82) showed plasma membrane ruffling, blebbing or fragmentation at any time during a 24 -30 h culture period. Similarly, none of the intact controls (0/74) divided or fragmented during culture. 
I.1b
When the spindle-chromosome-complex-depleted oocytes were exposed to activation conditions after 24 -30 h in culture, many (36/69 or 52%) fragmented within 2 h. A proportion of the control oocytes (9/57 or 16%) also fragmented within that time.
I.2
When the spindle-chromosome-complex-depleted oocytes were exposed to activation conditions, i.e. ethanol-treated, a large proportion (12/14 or 86%) fragmented although not until 15 h after ethanol exposure, at which time the nucleated oocytes subjected to ethanol treatment were found to be in mitosis (see control group for III.1). Figure 2A -C shows LSM images representative of non-activated mature oocytes, collected 18 h post-HCG, mature oocytes collected at 18 h post-HCG after 30 h of culture, and non-activated enucleated oocytes after 30 h of culture. These oocytes were characterized by the absence of a network of microtubules. Intact oocytes were also characterized by more or less exclusive localization of tubulin in the meiotic spindle except for the presence of about 4-8 cytoplasmic asters (Figure 2A ). After in vitro ageing, the spindle showed extensive arrays of astral microtubules pointing away from the spindle poles and toward the cortex; the number of asters did not appear to increase in these oocytes although they became more extensive in structure ( Figure 2B ). In the spindle-chromosome-complex-depleted oocytes, the number of asters increased following 30 h of culture, as did their size ( Figure 2C ).
II. Normally fertilized pronuclear oocytes
Enucleated zygotes remained round with smooth membranes until 31 h post-HCG or approximately 18 h post-fertilization. By 33 h post-HCG (about 20 h post-fertilization), 29% (9/31) of the enucleated zygotes had fragmented or had ruffled membranes; 2 h later, this proportion had increased to 68% (21/31).
At the same time points, i.e. 33 and 35 h post-HCG (20 -22 h post-fertilization), respectively, 28% (7/25) and 44% (11/25) of the nucleated control zygotes had cleaved into two cells.
III. Ethanol-activated oocytes
III.1
Activated enucleated oocytes cultured in KSOM after enucleation remained round with smooth membranes for up to 13 h PA while their nucleated counterparts were in interphase (single female pronucleus clearly visible). By 14 h PA (32 h post-HCG), some cytoplasts showed cortical ruffling, and by 15 h, 68% (50/73) were fragmenting completely; at this time, 45% (25/55) of the nucleated controls were in mitosis, that is, they had no visible nuclei.
By 24 h PA, a small proportion of the previously fragmenting enucleated oocytes had returned to a smooth spherical single-cell form; the others were still fragmented but the individual fragments had assumed a spherical or ellipsoidal form. Of the nucleated controls, 82% (45/55) had completed division and were in interphase. A pictorial summary of these results is presented in Figure 3A -F.
III.2a
None (0/72) of the activated enucleated oocytes cultured in KSOM-colcemid fragmented. Likewise, nucleated control oocytes did not divide or fragment in KSOM-colcemid (0/24). None exhibited pronuclei. Representative DIC images of oocytes in experiment III.1. Activated enucleated (A-C) and activated intact (D -F) oocytes cultured in KSOM are shown at 9, 15, and 24 h PA. Enucleated oocytes remained round with smooth membranes at 9 h PA (A). At 15 h PA, many had fragmented (B) and at 24 h PA, some of the previously fragmented cytoplasts had become ovoid again but in most, fragments remained in the PVS (C). At 9, 15 and 24 h PA, respectively, the nucleated controls were in interphase (one female nucleus and one polar body visible) (D), mitosis (the pronucleus could not be seen) (E) and interphase of the second cell cycle (each of two cells show a prominent nucleus) (F). Author please give an indication of scale
III.2b
None (0/30) of the activated enucleated oocytes cultured in KSOM -CCB fragmented during culture. Likewise, nucleated control oocytes did not divide or fragment in KSOM -CCB (0/25), although as expected, a high proportion exhibited two pronuclei.
III.3a
Following transfer of activated enucleated oocytes to KSOM after 14 -22 h of culture in KSOM-colcemid, 40% (17/42) fragmented in about 2-6 h. Among the nucleated control oocytes, 53% (8/15) divided during the same period. Division in these control groups was often accompanied by fragmentation.
III.3b
Transfer to KSOM following 14 -22 h of culture in KSOM-CCB led to fragmentation in 30% (9/30) of the enucleated oocytes, again in about 2 -6 h. When the intact controls were exposed to CCB for the same period and then transferred to KSOM, 33% (5/15) divided to 2-cells within the same period. Division in the control group was often accompanied by fragmentation.
IV. Activated oocytes exposed to CCB
A pictorial summary of these results is presented in Figure 5A -F. When emission of the second polar body was prevented by exposing intact activated oocytes to CCB for 4 -5 h PA, two female pronuclei formed, both placed peripherally in the cytoplasm at some distance from each other (Figure 4 ). Four hours following removal of these two emerging female pronuclei, at 9 h PA, a fragmentation event, morphologically distinct from that seen in previous experiments was noted in 53% (27/51) of the oocytes: 20% (10/51) showed ruffling and blebbing of the membrane that culminated in the formation of one or several small fragments at or near the location where the second polar body would have formed ( Figures 5A and 6A ). In the remaining enucleated oocytes, (17/51 or 33%), a cleavage furrow started to form, also in the region where the nuclei had been situated prior to enucleation. The cleavage furrow in some of these divided the oocyte into two equal-sized cytoplasts ( Figures 5A and 6C) . At or about 16 h PA (continuing up to 25 h PA), a second and universal fragmentation wave occurred in 43/51 or 84% of the oocytes and led to complete fragmentation of the cytoplasts ( Figure 5B,C and  6D) .
Among the nucleated control oocytes, 13 of the 15 showed cortical ruffling and/or formation of 'polar bodies' within 9 h of activation ( Figures 5D and 6B ). At about 16 h PA, coinciding with complete fragmentation of the enucleated oocytes, the majority of these intact oocytes had entered mitosis and some had already Figure 5 . Activated enucleated (A -C) and activated intact (D -F) oocytes that were maintained in KSOM-CCB for 4-5 h immediately PA then transferred to KSOM. Nine hours PA, some cytoplasts showed cortical ruffling and either produced one or more polar cytoplasts or 'cleaved'more or less evenly (A). Beginning at 16 h PA and up to 25 h PA, these enucleated oocytes showed more extensive fragmentation affecting the entire oocyte (B, C). At the same time-points, respectively, nucleated control oocytes showed, blebbing and formation of one or more 'polar bodies' (D) and entry into mitosis or cleavage (E, F). Bar, 120 mm. (pb2), and a female pronucleus (fpn) has formed. The meiotic midbody, in the centre (arrow), is visible between the oocyte and the polar body. The inset shows detail of the extensive microtubule network and few microtubule organizing centres in the same oocyte. In the oocyte in B, two pronuclei, both female (fPN), have formed since the polar body is retained in the presence of CCB. The spindle remnant (arrow) is also visible between the two pronuclei. oocytes have been stained for acetylated and beta tubulin (green) and DNA (red). Images are projections reconstructed from several 3 mm thick optical sections. Bar, 20 mm. (A and B) and DIC (C and D) images of oocytes in experiment IV in which activated oocytes were maintained in KSOM-CCB for 4-5 h immediately PA, were either enucleated or not, washed, and transferred to KSOM. In some enucleated oocytes, the early fragmentation wave culminated in the formation of a polar body-like fragment or bleb (A, arrow). The meiotic spindle remnant is visible in this enucleated oocyte, indicating that removal of the nuclei did not guarantee removal of the meiotic spindle remnant. In B, the arrow points to a similar polar body-like structure in the nucleated control oocyte; the second female pronucleus is present but not visible in this optical section. In other enucleated oocytes, the first wave of fragmentation at 9 h PA led to a more or less even 'cleavage' (C). By 16 h PA, both anucleate fragments in the oocyte in C fragmented completely (D). Images in A and B represent a single optical section midway through the oocyte; the oocytes have been stained for acetylated and beta tubulin (shown in grey-scale). Bar, 20 mm. divided ( Figure 5E) ; by 25 h PA, all had cleaved into two cells ( Figure 5F ).
V. Fertilized 2-cell embryos
V.1a
Among the 28 embryos in which only one blastomere was enucleated in early-mid interphase, none (0/28) showed any fragmentation after overnight culture, while their intact sister blastomeres cleaved normally during that period ( Figure 7A -C) .
V.1b
A small proportion (6/83 or 7.2%) of the embryos in which both blastomeres were enucleated in early-mid interphase showed some membrane deformation when checked after overnight culture, but the great majority remained unruffled and ovoid throughout culture ( Figure 8A ).
V.2a
Among the 25 embryos in which one late interphase blastomere was enucleated, 68% (17/25) were found to have fragmented after overnight culture, while the intact sister blastomeres cleaved normally during that period ( Figure 7D and E).
V.2b
Among the 75 embryos in which both blastomeres were enucleated in late interphase, 74.7% (56/75) were found to be fragmented after overnight culture ( Figure 8B ). Rounding of the fragmented enucleated cells occurred within the following 24 -48 h of culture, but some fragments remained in the PVS in most instances.
Discussion
In the present experiments, cytoplasmic fragmentation did not proceed unless the cells were in division mode, suggesting a general rule that fragmentation does not occur in mitotically inactive cells and therefore is not a predetermined fate of arrested or quiescent cells. The study further suggests that fragmentation in oocytes and embryos occurs during the cytokinetic phase of the cell cycle, in response to the loss of normal interplay between the spindle complex and cortical microfilaments.
Whether enucleation immediately followed or preceded artificial activation, the resulting fragmentation in the cytoplasts was a precisely timed event in the cell cycle, rather than a happenstance, and always coincided with entry of nucleated control cells into mitosis. In the cytoplasts, this timing represents the cytokinetic rather than the mitotic phase of the cell cycle, since the removal of the nuclear structure removes the necessity for coordination of nuclear and cytoplasmic divisions (and any delay normally imposed by the former on the latter).
When the nucleated control cells had completed cytokinesis and entered interphase, some blebs and fragments receded in the cytoplasts, suggesting further autonomous cell cycling activity in the latter.
The dynamic relationship between spindle microtubules and cortical microfilaments is pivotal to normal cytokinesis. Therefore, deliberate depolymerization of microfilaments (by CCB treatment) or depolymerization of microtubules (by colcemid treatment) prevents cytokinesis altogether; here, the same treatments also prevented fragmentation. Drug removal, on the other hand, restored both microtubules and microfilaments, allowing cytokinesis and fragmentation to proceed.
It is noteworthy that both following extended exposure to cytoskeletal disruptive drugs, and delayed activation, limited to complete fragmentation was seen in control embryos. This behaviour, which is generally uncharacteristic of normal mouse development suggests that once induced, cytoskeletal disorder may persist and become overtly expressed in the course of a subsequent cytokinesis, even in the presence of a nuclear apparatus.
If our hypothesis that fragmentation is a deviant form of cytokinesis is correct, it should be possible to demonstrate that the phenomenon can also occur during cytokinesis of the second meiosis. We think that this was demonstrated in experiment IV, for in that experiment two distinct waves of fragmentation occurred. The first wave was limited to the region where the nuclei had been situated prior to enucleation and occurred several hours before mitosis 1 in nucleated controls. The second wave was universal and coincided with mitosis 1 in nucleated controls, similar to the events described in experiments I -III. In our opinion, the first of these waves represented cytokinesis of second meiosis, while the second represented cytokinesis of the first mitotic division.
We have further investigated meiotic fragmentation in more detail, and the results will form the subject of a separate report (Willadsen and Alikani, in preparation) .
We also investigated the possibility of inducing fragmentation during cytokinesis of the second cell cycle. In her experiments, Ciemerych (1995) did not observe cortical deformations or any other autonomous activity in the anucleate halves of blastomeres from 2-and 4-cell embryos. This lack of activity was attributed to diminished cytoplasmic autonomy and the low intensity of mitosis promoting factor (MPF) activation during the second (and subsequent) cell cycle(s) (Kubiak and Ciemerych, 2001) .
In experiment V of the present study, some enucleated blastomeres of fertilized 2-cell embryos did fragment. However, the timing of enucleation was crucial to this outcome: if enucleation was done during early-mid interphase, further activity ceased in the anucleate blastomere; no surface deformations were seen and the microtubules maintained their interphase configuration. However, when enucleation was delayed until late interphase, a large proportion of the enucleated cells either showed cortical deformations or fragmented during subsequent culture.
We propose that the failure of the enucleated early blastomeres to undergo fragmentation is reminiscent of the '2-cell block' in the mouse (Goddard and Pratt, 1983) and supports the notion of fragmentation as atypical cytokinesis. The '2-cell-block' takes effect at the late G2/M phase of the second cell cycle when maternal transcripts run out and the zygotic genome must be activated for normal development to continue (Flach et al., 1982) .
We have assumed that the process of fragmentation in oocytes and embryos is essentially the same whatever the triggering cause(s), i.e. that fragmentation is the diverse expression of a single phenomenon: the failure of the normal dynamic relationship between microtubules and microfilaments during one particular phase of the cell division cycle -cytokinesis. Our results support that assumption. However, we cannot yet be certain that the assumption has more general validity, and for this reason, we can only speculate what the relevance of the results of the present study might be to fragmentation and related phenomena in human oocytes and embryos, not to mention other cell types.
In addition, the topography and organization of the cytoskeleton differ between species (Simerly et al., 1995) . For instance, the sperm centrosome is thought to play an essential role as the microtubule organizing centre in the human (Sathananthan et al., 1991; Palermo et al., 1994; Van Blerkom, 1996) but not in the mouse (Maro et al., 1985; Schatten et al., 1985) .
In the human, the genome becomes activated sometime between the 4-and 8-cell stages , but most fragmentation occurs prior to that. Indeed, it appears that around the time of genomic activation, and particularly after compaction and the establishment of structural junctions (Gualtieri et al., 1992; Nikas et al., 1996) , the tendency of human blastomeres to fragment is simply lost. Whether the impetus for this change is the activation of the genome, increased adhesion between the cells, reduced cell size or a combination of these factors remains to be determined. Nevertheless, the basic suggestion of the present experiments is that fragmentation in human embryos is a manifestation of abnormal cytokinesis rather than cell death. This proposal would support a causal relationship between cytoplasmic fragmentation and cytoskeletal changes associated with post-ovulatory ageing (Pickering et al., 1988) or environmental fluctuations during in vitro culture (Almeida and Bolton, 1995; Dale et al., 1998) . It would also provide a plausible explanation for the high frequency of fragmentation and its association with nuclear abnormalities, most importantly, post-zygotic chromosome mosaicism among human IVF embryos.
